Hypersaline environments that are subject to salinity changes are particularly rich in viruses. Here we report a newly isolated archaeal halovirus, Haloarcula hispanica pleomorphic virus 3 (HHPV3). Its reproduction significantly retards host growth and decreases cell viability without causing lysis.
Introduction
infectivity caused by altered salinity can, in some cases, be reversed, as shown for the haloarchaeal icosahedral tailed viruses HVTV-1, HSTV-1, and HSTV-2 (Pietilä et al., 2013a , Pietilä et al., 2013b .
The pleomorphic archaeal virus morphotype was discovered in 2009 with the isolation of Halorubrum pleomorphic virus 1 (HRPV-1), the first archaeal virus known to have a ssDNA genome (Pietilä et al., 2009 ). Since then, 11 more pleolipoviruses have been isolated (Atanasova et al., 2015a , and HRPV-1 has been designated as the type species of the family Pleolipoviridae . The pleolipovirus virion is a spherical lipid vesicle with two major protein species: an internal membrane-associated protein and a spike protein irregularly distributed on the surface (Pietilä et al., 2010 . This virion organization has been observed for pleolipoviruses HRPV-1, HRPV-6, HHPV-1, HRPV-2, HGPV-1, HRPV-3, and His2, with the exception that there are two spike protein species in His2 and two membrane protein species in HGPV-1 (Pietilä et al., 2010 . The virion lipids are acquired nonselectively from the host cell membrane (Pietilä et al., 2010 . In contrast to the conserved virion organization, the genome types of pleolipoviruses are diverse and include linear dsDNA (His2), circular ssDNA (HRPV-1, HRPV-2, HRPV-6, HHPV-2), circular dsDNA (HHPV-1), and circular dsDNA with ssDNA regions (HRPV-3, HGPV-1, SNJ2) , Pietilä et al., 2009 . Pleolipoviruses have been classified into three genera within the Pleolipoviridae family .
Alphapleolipoviruses (HHPV-1, HHPV-2, HRPV-6, HRPV-2, HRPV-1) encode a putative rollingcircle replication initiation protein, betapleolipoviruses (HRPV-3, HGPV-1, SNJ2) encode a conserved protein often predicted to have a winged-helix DNA-binding domain, and the only described gammapleolipovirus (His2) encodes a putative protein-primed DNA polymerase . Despite their different genome types and low sequence identities, all sequenced pleolipovirus genomes exhibit synteny and contain a conserved gene cluster that encodes major structural proteins and other putative proteins .
With one exception, the described pleolipoviruses have a non-lytic life cycle characterized by continuous virus production accompanied by retardation of host growth. That exception is the temperate pleomorphic virus SNJ2 . It coexists with another temperate tailless icosahedral virus, SNJ1, in Natrinema cells . Successful production of SNJ2 particles depends on the presence of SNJ1, although the exact mechanism for this interaction is unknown. The SNJ2 genome has an ORF (ORF 19) characteristic of the betapleolipovirus group , but it also encodes an integrase and a ΦH1-repressor-like protein . SNJ2 is able to integrate into and excise from the host tRNA-Met gene , thus possibly providing a link for the many pleolipoproviruses identified in haloarchaeal plasmids and chromosomes (Bath et al., 2006 , Chen et al., 2014 , Dyall-Smith et al., 2011 , Pietilä et al., 2009 .
The overwhelming diversity of viral genomic sequences and lack of a shared common gene imposes challenges for virus classification. Given the limitation in protein fold space and virion structural constraints, it was proposed that the entire viral universe can be systemized using a structure-based approach (Bamford et al., 2002 , Bamford, 2003 . The structures of the elements that define the viral "self", i.e., major capsid proteins, are conserved and fall into a limited number of lineages (Abrescia et al., 2012 , Bamford, 2003 , Krupovič and Bamford, 2010 . Each lineage embraces viruses with deep evolutionary relationships that now may have no sequence similarity, that can even have different genome types, and that infect hosts from all three domains of life (Bamford, 2003) . Consistent with this universal concept was the discovery of a group of archaeal pleomorphic viruses that share a conserved virion organization similar to that of the bacterial plasmaviruses. However, answering the question of whether the pleomorphic viruses form a distinct ancient lineage awaits the recovery of additional novel isolates and determination of their key protein structures to high resolution.
In this study, we report the isolation and molecular characterization of a new virus, Haloarcula hispanica pleomorphic virus 3 (HHPV3). Based on its characteristics, including pleomorphic virion architecture and genome organization, we propose that HHPV3 is a member of the haloarchaeal pleomorphic viruses, and specifically that it belongs to the Betapleolipovirus genus of the Pleolipoviridae family . We also report eight new pleolipovirus-related putative proviruses in the chromosomes of halophilic archaea, which, combined with the previously known ones , further highlights the abundance of pleolipoviruses.
Materials and Methods

Archaeal strains, viruses, and growth conditions
Strains and viruses used in this study are listed in Table 1 and Table S1 . Strains were aerobically grown in modified growth medium (MGM) (Nuttall and Dyall-Smith, 1993) at 37 °C. Artificial, 30 % saltwater (SW) containing 240 g NaCl, 30 g MgCl2 × 6H2O, 35 g MgSO4 × 7H20, 7 g KCl, 5 ml of 1 M CaCl2 × 2H20, and 80 ml of 1 M Tris-HCl pH 7.2 (per liter of water) was prepared as described in the Halohandbook (http://www.haloarchaea.com/resources/halohandbook/). One litre of medium contained 23 % SW, 5 g of peptone (Oxoid), and 1 g of Bacto yeast extract (Becton, Dickinson and Company). For the top layer and solid media, 4 g or 14 g of Bacto agar (Becton, Dickinson and Company) was added, respectively.
Virus isolation, virus stock preparation, and analysis of plaque variants
Salt crystals were collected from the bottom mud at the saltern of Samut Sakhon, Thailand (13°32'N;
100°17'E) in December, 2010. Three grams of crushed crystals were dissolved in 7 ml of 6 % SW (37 °C, 3 h), and the suspension (100 µl) was used for plaque assay with Har. hispanica. After 3 d incubation at 37 °C, one hazy, ring-like plaque with a diameter of ~4 mm was picked and purified by three consecutive plaque assays.. Semiconfluent plates, incubated for 3 d at 37 °C, were used for the preparation of virus agar stocks.
The plate top layer was collected and incubated in MGM (3 ml per plate) at 37 °C for 1.5 h with shaking, and debris was removed by centrifugation (Sorvall F14 rotor, 6000 rpm, 4 °C, 20 min). Both, the original hazy ring-like plaque, and a new clear plaque variant were isolated from the initial agar stock. Both plaque variants were purified three consecutive times followed by agar stock preparation.
The plaques were screened by PCR using virus-specific primers (1F and 1R, Table S2 ), which had been designed according to the obtained virus genome sequence (see below). For the preparation of PCR templates, a picked plaque was incubated in ultrapure water (4 °C, overnight), SDS was added to the final concentration of 1 % (w/v), the mixture was boiled for 5 min followed by dilution in ultrapure water (1:10). The obtained PCR products were sequenced as described below (Sanger sequencing).
All further experiments were performed using the virus stocks of the clear plaque variant, designated as HHPV3, except for the host range test (see below) which assayed both plaque variants. Stability of the agar stock titer at 4 °C was monitored weekly for three months by plaque assay. HRPV-1, HGPV-1, and HRPV-3 agar stocks were prepared as described previously (Pietilä et al., 2009 .
Virus host range
HHPV3 infectivity was tested on 47 haloarchaeal strains (Table S1 ) by a spot-on-lawn assay. Drops (10 μl) of undiluted and 1:100 diluted HHPV3 agar stock were applied on the lawn (top layer) of the test strains inoculated in early stationary growth phase. The plates were incubated at 37 °C for 3-5 d and screened for growth inhibition. Positive results were verified by plaque assay.
Adsorption assay
Cells from 100 ml of Har. hispanica liquid culture (OD550= 1.0) were collected by centrifugation (Sorvall F14 rotor, 7000 rpm, 22 °C, 15 min) and suspended into 10 ml of fresh MGM at 37 °C. The culture was infected with HHPV3 using a multiplicity of infection (MOI) of 0.14 and grown aerobically at 37 °C. Samples were collected until 6 h p.i., diluted in ice-cold MGM (1:100), centrifuged (Eppendorf table centrifuge, 13 000 rpm, 1 min, 22 °C), and the titer was then determined by plaque assay. The adsorption rate constant (k) was calculated using the formula = 2.3 × × 0 , where p0 and p represent free virus concentrations at the zero time point and after time period t, respectively, while B represents the concentration of the cells (Adams, 1959) .
Virus life cycle
In order to optimize virus production, host cultures at different cell densities (4.9 × 10 8 , 6.0 × 10 8 , 9.5 × 10 8 , 1.6 × 10 9 , and 1.8 × 10 9 CFU/ml) were tested using different MOI values (5, 15, 30, and 40) .
In the optimized protocol, a liquid culture of Har. hispanica was infected with HHPV3 using a MOI of 15 when cell culture turbidity was OD550=1.0 (~1.5 × 10 9 CFU/ml). At 3 h p.i., the culture was washed twice by collecting (Sorvall SA600 rotor, 8000 rpm, 20 °C, 15 min) and then resuspending the cells in the original volume of fresh MGM. To determine the number of infective centers (IC) and viable cells (VC), cells were collected at 0-3 h p.i. for IC or 0-30 h p.i. for VC (Eppendorf table centrifuge, 13 000 rpm, 22 °C, 1 min) and resuspended in MGM. IC was determined by plaque assay and VC was assayed by plating the samples for measurement of cell numbers. Free progeny virus concentration in the culture supernatant was determined at 4 to 30 h p.i. by plaque assay.
Simultaneously, turbidity (OD550) of the infected and uninfected (control) cultures was monitored until 30 h p.i.
Stability assays
Stability of HHPV3 infectivity under different conditions was determined by plaque assay after 3 h and 24 h incubation at 4 °C unless otherwise noted.
Sensitivity to the nonionic detergents Triton X-100 and Nonidet P-40 was tested by incubating virus agar stock with the detergent (1:1000 and 1:10000) at 22 °C for 15 min.
To study the effect of pH on virus infectivity, 1 M stock solutions of the buffers 1,4piperazinediethanesulfonic acid (PIPES) (for pH 6.1) and Tris-HCl (for pH 7.5, 8.0, and 9.0) were prepared and diluted into 70 mM in 26 % SW devoid of Tris-HCl. Virus stock was diluted 1:1000 in each of the test solutions.
To monitor temperature stability, aliquots (0.5 ml) of virus stock solution were incubated at different temperatures ranging from 4 to 90 °C for 30 min.
Requirements for ions normally present in 26 % SW were determined by diluting virus agar stock 1:1000 in 26 % SW pH 7.5 that lacked one, two, or three ionic compounds. For CaCl2 sensitivity test, virus agar stock was diluted 1:10000 in 10 mM ethylene glycol-bis(2-aminoethylether)-N,N,N',N'tetraacetic acid (EGTA) in 26 % SW pH 7.5 devoid of CaCl2. In addition, the effect of CaCl2 on virus infectivity was tested by diluting the agar stock 1:10000 in 0 mM, 2 mM, 4 mM, 6 mM, 8 mM, or 10 mM CaCl2 in 26 % SW pH 7.5.
For NaCl sensitivity test, virus agar stock was diluted 1:1000 in 26 % SW pH 7.5 with variable molar concentrations of NaCl (0-5.5 M). The 5.5 M NaCl solutions (at 4 °C) contained salt crystals (saturated condition). In order to test whether viruses incubated at low NaCl concentrations can recover their infectivity after being transferred back to the optimal NaCl concentration (3.56 M), HHPV3 agar stock was diluted 1:1000 in 26 % SW pH 7.5 containing 0, 1, 1.5, or 2 M NaCl. After 3 h incubation at 22 °C, 5 M NaCl was added to the test solutions to obtain the optimal 3.56 M NaCl.
The number of infective particles was then determined after 1, 2, or 60 min incubation at 22 °C. The effect of pH on virus infectivity at different NaCl concentrations was tested by incubating virus stock (1:1000) in 1.5 M or 3.56 M NaCl-containing 26 % SW of pH 7.5 (70 mM Tris-HCl), pH 9.0 (70 mM Tris-HCl) or pH 6.1 (70 mM PIPES).
HRPV-1, HRPV-3, and HGPV-1 sensitivity to NaCl was tested by diluting (1:1000) virus stocks in the optimal virus buffers (Pietilä et al., 2009 with various NaCl concentrations (0-5.5 M), and infectivity was determined by plaque assay after 3 h and 24 h of incubation.
Virus purification
HHPV3 particles were precipitated from agar stocks using 10 % (w/v) PEG6000 (incubation at 4 °C for 1 h), collected by centrifugation (Sorvall SA600 rotor, 6000 rpm, 4 °C, 20 min), and dissolved in 26 % SW pH 7.5 using 1:10 of the original agar stock volume (overnight on ice). To obtain 1× purified virus, the PEG-precipitated virus particles were subjected to equilibrium centrifugation in CsCl solution in 26 % SW pH 7.5 containing 2.5 M NaCl, mean density 1.32 g/ml (Sorvall TH641 rotor, 25 000 rpm, 20 °C, 17 h). The light scattering virus zone was collected, diluted 1:2 in 18 % SW pH 7.5, and concentrated by differential centrifugation (Beckman Ti50 rotor, 30 000 rpm, 20 °C, 2.5 h).
The 1× particles were resuspended in 26 % SW on ice overnight.
To obtain 2× purified virus for lipid analysis, PEG-precipitated viruses (0.4 ml) were loaded onto linear 10-40 % sucrose gradients in 26 % SW pH 7.5 and centrifuged (Sorvall TH641 rotor, 25 000 rpm, 15 °C, 17 h). The light scattering virus zone was collected, diluted 1:2 in 26 % SW pH 7.5, and subjected to equilibrium centrifugation in CsCl solution prepared as described above (Sorvall rotor TH641, 25 000 rpm, 20 °C, 17 h). The collected 2× virus zone was diluted 1:2 in 18 % SW pH 7.5, and then concentrated by differential centrifugation (Beckman Ti50 rotor, 30 000 rpm, 20 °C, 2.5 h).
The 2× virus particles were resuspended in 26 % SW overnight on ice. The 2× virus particles of HRPV-1 were purified as described previously (Pietilä et al., 2009) .
Negative staining and transmission electron microscopy
For transmission electron microscopy (TEM), 5-µl samples of the 1× or 2× purified virus particles were adsorbed on copper pioloform coated grids at 22 °C for 1 min. HHPV3 particles were negatively stained with 1 % (w/v) ammonium molybdate (pH 7.0), 1% (w/v) phosphotungstic acid (pH 7.0), or 3 % (w/v) uranylacetate (pH 4.5) with 60 s, 60 s, and 30 s incubation times, respectively, at 22 °C.
The negatively stained viral particles were visualized by Jeol 1400 transmission electron microscope (Electron Microscopy Unit, Institute of Biotechnology, University of Helsinki) operating at 80 kV acceleration voltage. In order to test HHPV3 sensitivity to these negative stains, 1× purified viruses were incubated in the undiluted stain solution (1:1) for the appropriate staining times (see above) at 22 °C, after which infectivity was determined by plaque assay.
Analysis of virion structural components
Virion components were analyzed using tricine-sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE; 16 % acrylamide in the separation gel) (Olkkonen and Bamford, 1989) .
Gels were stained with Coomassie Brilliant Blue R 250 (Serva) for proteins and Sudan Black B (Sigma Aldrich) for lipids. For the visualization of glycoproteins, 1× purified HHPV3 particles were analyzed in 16 % SDS-PAGE gels stained with Pro-Q Emerald (Invitrogen) (for glycoproteins) and SYPRO-Ruby (for all proteins) according to the manufacturer's instructions with the exception that Pro-Q Emerald staining was performed twice. Viral lipids were isolated from 2× purified HHPV3 particles according to the protocol by Folch (1957) as modified by Kates (1972) (Folch et al., 1957 , Kates et al., 1972 . The extracted lipids were analyzed on pre-activated thin layer chromatography (TLC) silica plates and visualized by ammonium molybdate staining (Arnold et al., 2000) . The plate was quickly dipped into a solution containing 10 % (v/v) H2SO4 and 5 % (w/v) ammonium molybdate, after which the excess liquid was dried and the plate was incubated at 140 °C for 15 min. Carbamidomethylation (+57.021464 Da) of cysteine residues was used as static modification, and oxidation (+15.994491 Da) of methionine was used as dynamic modification. Only full-tryptic peptides with a maximum of one missed cleavage were considered.
Mass spectrometry analysis of viral proteins
Virus genome isolation and sequencing
For nucleic acid extraction, 1× purified HHPV3 particles were diluted in ultrapure water and treated with proteinase K (0.5 µg/ml, Thermo Scientific) and 2 % (w/v) SDS at 37 °C for 45 min. Phenolether extracted nucleic acid was precipitated using NaCl or ammonium acetate and ethanol. Purified nucleic acid was treated with RQ1 DNase ( TruSeq library was constructed. The obtained library was analysed on an MiSeq instrument using MISeq reagent kit v3 (600 cycles). The obtained paired-end sequences were trimmed using Cutadapt (Martin, 2011) and assembled with SPAdes (Bankevich et al., 2012) .
The circular conformation of the molecule was verified by Sanger sequencing of the PCR product using primers 2F and 2R (see Results, Table S2 ). The PCR product was purified by MultiScreen PCR 96 (Cat No. LSKMPCR50; Millipore) and the sequencing was performed using BigDye® Terminator v3.1 Cycle Sequencing Kit (Part No. 4336921; Applied Biosystems) according to the manufacturer's instructions. Sequencing reactions were performed with ABI3130XL Genetic Analyzer containing 16-capillaries (Applied Biosystems) and cleaned using CleanSEQ kit (Agencourt).
Genome sequence accession number
The HHPV3 genome sequence is available in the NCBI database with the accession number KX344510.
Virus genome annotation
The HHPV3 genome sequence was analyzed using Geneious (version 6.1.6) (Kearse et al., 2012) .
The replication origin was predicted using Ori-Finder 2 (Luo et al., 2014) . ORFs were predicted by Glimmer (Delcher et al., 2007) and GeneMarkS (Besemer et al., 2001) , and final coordinates were chosen in collinearity with previous annotations of related viral and putative proviral sequences. ORF GC percentages were calculated using "Genomics %G~C Content Calculator" by Science Buddies (http://www.sciencebuddies.org/science-fair-projects/project_ideas/Genom_GC_Calculator.shtml).
The isoelectric points and molecular masses of (putative) proteins were calculated using the EXPASY "Compute pI/MW" tool. Transmembrane helices were predicted with TMHMM v 2.0 server (Krogh et al., 2001) , and coiled coil regions were identified using the COILS tool (Lupas et al., 1991) . Signal peptides were predicted with Signal P (version 4.1) (Petersen et al., 2011) . BLASTX and BLASTP (dated 5 April 2016) were used to search for sequences homologous to (putative) HHPV3 proteins (Altschul et al., 1990) . Conserved domains were searched against NCBI's conserved domain database (Marchler-Bauer et al., 2015) and using InterProScan at EMBL-EBI (Jones et al., 2014) (search dated 5 April 2016). Amino acid or nucleotide identities were calculated at EMBL-EBI using EMBOSS Needle (McWilliam et al., 2013) . Phylogenetic analysis of the protein sequences of HHPV3, pleolipoviruses, and related putative provirus regions was conducted using Molecular Evolutionary Genetics Analysis (MEGA) software (version 5.05) (Tamura et al., 2011) . The sequences were aligned by MUSCLE (Edgar, 2004) , and the maximum likelihood trees were built using the Jones-Taylor-Thornton (JTT) amino acid substitution model with 1000 bootstrap values.
Results
Isolation of halovirus HHPV3 from salt crystals
Originally, a single plaque of hazy ring-like morphology was obtained on the lawn of Har. hispanica, but during subsequent plating of the hazy plaque also clear plaques appeared. Both plaque types were plague-purified and the virus stocks of the two variants gave typical titers of ~1×10 11 and ~1×10 9 PFU/ml for the clear and hazy ones, respectively. The plaque morphology of the clear variant was always clear, whereas the hazy plaque stocks occasionally produced both plaque types ( Figure S1 ).
The PCR products amplified using the plaques of the two variants as templates were 100 % identical (~680 bp of gene 3 encoding a putative spike protein, see below). In addition, the two plaque variants had the same very narrow host range. From the tested 47 haloarchaeal strains (Table S1) 
, only
Haloarcula hispanica served as a host. Most likely clear and hazy plaques represent the same virus species. The clear plaque variant due to its stability and higher titer, was selected, designated HHPV3, and used in this study.
High virus production and host growth retardation by HHPV3 infection
About 85 % of HHPV3 particles adsorbed to the Har. hispanica cells in 4 h (Figure 1 A) . The adsorption rate constant calculated for the first 30 min p.i. was 2.4 × 10 -12 ml/min. The highest virus production was obtained by infecting early stationary growth phase cells (OD550=1.0) at an MOI of 15. Already at 30 min p.i. the number of infective centers (IC) was equal to the number of viable cells (VC). By 3 h p.i. the number of IC was ~10 times that of VC, indicating that the majority of cells were infected ( Figure S2 ). Virus release was detected starting ~ 6 h p.i., and the titer of free progeny viruses in the culture supernatant increased to a the maximum of ~8×10 10 PFU/ml (Figure 1 B) . By ~12 h p.i. the turbidity (OD550) of the infected culture reached ~1.3 and remained at this level, while growth of the uninfected culture continued until the OD550 was ~1.7 (Figure 1 B) . Also at 12 h p.i. we observed a significant decrease in the number of VC in the infected culture. At that time the optical densities of the uninfected and infected cultures were equal (OD550 ~1.3) (Figure 1 B) , but already their VC counts differed by about two orders of magnitude (Figure 1 C) .
Effects of pH and ion concentration on HHPV3 infectivity
HHPV3 tolerated a pH range of 4.5-9 (in 26% SW containing 3.5 M NaCl) ( Figure S3 A) and temperatures up to 40 °C without significant loss of infectivity (Figure S3 B) . Infectivity decreased in the absence of CaCl2 (three orders of magnitude decrease in 24 h) and NaCl (one order of magnitude decrease in 24 h), while the absence of magnesium or potassium had no major impact ( Figure S3 C) . When all calcium ions were removed from the buffer with a chelating agent (EGTA), HHPV3 infectivity dropped by four orders of magnitude (Figure S3 D) . The presence of 2 mM CaCl2 was sufficient to maintain virus infectivity ( Figure S3 D) . HHPV3 infectivity was stable in 26% SW containing from 3 to 5.5 M NaCl, the latter being a saturated solution containing salt crystals (Figure   2 A). A peculiar, pH-dependent, irreversible loss of infectivity was observed in 26% SW containing 1.5 M NaCl. The decrease, evident at pH 7.5, was more marked at pH 6.1 but not apparent at pH 9.0 (Figure 2 A) . When the effect of pH was tested in 26 % SW containing 3.5 M NaCl buffered to pH 6.1, 7.5, or 9.0, no drastic differences in HHPV3 infectivity were observed (5.3 ×10 10 , 8.2 ×10 10 , and 2.3 ×10 10 PFU/ml, respectively, after 24 h).
In comparison, betapleolipoviruses HGPV-1 and HRPV-3 were highly infective in their optimal buffers over a range of NaCl concentrations from 0 M to 5.5 M (Figure 2 C and D) . However, infectivity of the pleolipovirus type species HRPV-1 was greatest at 2-3 M NaCl and decreased at both higher and lower concentrations (Figure 2 B) . Following 24 h incubation at 0 M and 5.5 M (saturated) NaCl, HRPV-1 infectivity decreased five and two orders of magnitude, respectively (Figure 2 B) .
Purification of HHPV3
The optimized 1× purification protocol (equilibrium centrifugation in CsCl) recovered approximately 15 % of the infective HHPV3 particles (Table S3 ). The mean equilibrium density of HHPV3 virions was approximately 1.26 g/ml in CsCl (Figure 3 A) , and the specific infectivity of the concentrated 1× virus particles was ~8.4×10 11 PFU/A260. For the lipid analysis, the 2× purification protocol including tandem equilibrium centrifugations in sucrose and CsCl was employed. Yield of the 2× viruses was lower, around 1 %, with a specific infectivity of ~4.4×10 11 PFU/A260. The light scattering 2× virus zone had a mean equilibrium density of 1.28 g/ml in CsCl.
The 2× purified HHPV3 virions were spherical but slightly pleomorphic particles with an average diameter of ~50 nm (Figure 3 B) resembling the morphology of pleolipoviruses .
However, whereas some pleolipoviruses exhibit drastic structural variability depending on the negative stain used , the morphology of HHPV3 was similar for the three negative stains tested: uranyl acetate (Figure 3 B) , phosphotungstic acid, and ammonium molybdate (data not shown). The best image quality was achieved using uranyl acetate (Figure 3 B) . All three stains reduced HHPV3 (2× virus) infectivity by approximately one order of magnitude.
HHPV3 virion protein and lipid composition
HHPV3 virion contains two major protein species VP1 and VP3 ("VP" for virion protein) encoded by genes 1 and 3 (Figure 4 , Table S4 , see genome annotation below). Staining with Pro-Q Emerald dye showed that none of the HHPV3 structural proteins were glycosylated (Figure 4 B and C) . We observed an infectivity decrease of eight orders of magnitude after HHPV3 was treated with Triton X-100 and a decrease of four orders of magnitude with the nonionic detergent Nonidet P-40. These observations, which was consistent with the lipid signal obtained for the purified particles with Sudan Black B staining (Figure 4 A) suggested that the virions contain lipids. The presence of lipids in HHPV3 virions was confirmed by lipid extraction and TLC ( Figure 5) revealed that all lipid species were present in approximately the same proportions in both ( Figure 5 ), providing evidence that virion lipids were acquired from the host nonselectively.
HHPV3 genome
The HHPV3 genome was degraded by RQ1 DNase, ExoIII nuclease and several restriction endonucleases, but not with RNase A (Figures S4A and S4B) , indicating that it is a DNA molecule.
Both Mung Bean and Bal31 nucleases ( Figure S4C and D) digested the DNA into multiple fragments.
These patterns might indicate that the dsDNA molecule contains nicks or single-stranded regions as has been shown e.g. for pleolipovirus HRPV-3 . Illumina sequencing of the genome yielded a contig with identical ends (127-nt region, nt coordinates 2603-2729) suggesting a circular nature of the molecule. The circular conformation was verified by PCR and subsequent Sanger sequencing of the region including the contig ends. The size of the genome is 11,648 kbp. In addition, the circular conformation was confirmed by genomic DNA restriction endonuclease digestion patterns. BamHI, HindIII, ApaI, and PstI (each having one restriction site in the genome) resulted in one fragment, while MseI and NruI (each with two restriction sites) yielded two fragments (Figure S4 B) . The conserved motif GCCCA, which was previously shown to precede the singlestranded nicks/regions in betapleolipoviruses HRPV-3 and SNJ2 , was also found in the HHPV3 sequence: 10 motifs on the positive strand and 12 on the negative strand (Figure 6 A) .
Assignment of HHPV3 to the genus Betapleolipovirus
The HHPV3 genome was predicted to have 17 ORFs (numbered from 1 to 17; Table S6 ) arranged in two clusters with opposite transcriptional directions (Figure 6 A) . Two ORFs were confirmed to be protein-encoding genes: gene 1 encoding VP1 and gene 3 encoding VP3 (see protein analyses above).
The location of transition sites in Z-curves (Figure 6 B) and predicted origin recognition box (ORB)
sequences (Table S5) suggest that the replication origin may be located between ORFs 8 and 9, and the replication terminus between ORF 17 and gene 1 (Figure 6 A) . The predicted ORFs varied in size, encoding proteins of 47-613 kDa with a pI of 4-5, except for putative proteins 7 (pI 9.8) and 13 (pI 6.2). Transmembrane helices were predicted in the proteins VP1, VP3, and the putative proteins 2, 4, and 5, all encoded by adjacent genes and ORFs (Table S6 ). Coiled coil regions were predicted in six (putative) proteins including VP3 (Table S6 ). Signal peptides of 28 and 19 amino acids were predicted in VP3 and putative protein 4, respectively. Conserved domains were found in VP3 and putative proteins 5, 6, 13, and 15 (Table S7 ). Putative protein 6 contained a conserved domain characteristic of P-loop NTPases and this protein is homologous to the putative NTPases of the known pleolipoviruses (Figure 6 C) . Putative protein 13 is predicted to have a role in transcription regulation based on its conserved domain (Table S7 ) and similarities to haloarchaeal RNA polymerase sigma subunits. Putative protein 15 had a Dam-replacing domain (Table S7 ) and showed similarities to restriction endonuclease-like proteins of haloarchaea. Based on sequence comparison with HRPV-1, we propose that HHPV3 gene 1 encodes a protein associated with the virion membrane (VP1), gene 3 encodes a spike protein (VP3) anchored in the membrane, and putative protein 6 is an NTPase.
Genes 1 and 3, as well as ORFs 4, 5, 6, 7, and 11 all displayed similarity to the conserved cluster of genes seen in viruses classified in the family Pleolipoviridae . The sequence similarities are low (Figure 6 C and Table S6 ), but the genomes are collinear. The overall nucleotide identity between the genomes of HHPV3 and previously characterized pleolipoviruses is ~43%, and the highest identity is to HRPV-2 (~48%) and HGPV-1 (~47%). Together, the observed gene synteny, the absence of a rolling-circle replication initiation protein (RCR Rep) gene, and the presence of ORFs 7 and 11 suggest that HHPV3 belongs to the genus Betapleolipovirus.
Presence of putative HHPV3-related proviruses in several haloarchaea
We found HHPV3-related sequence elements in many haloarchaeal chromosomes, some of which had been previously reported as putative betapleolipovirus proviruses . The highest similarity was found between the HHPV3 genome and a region in chromosome 1 of Har. hispanica ATCC 33960. The amino acid sequence of three HHPV3 putative proteins (7, 9, 10) was 100 % identical to the corresponding proteins in Har. hispanica (Figure 6 D) , while others were less similar (e.g., VP3 and putative protein 11). Another region with high similarity to HHPV3 was identified in Haloarcula marismortui ATCC 43049 (region 1, Figure 6 D) . Interestingly, HHPV3
putative protein 11 is only 27 % identical to the corresponding protein in Har. hispanica, but is 99 % identical to that of Har. marismortui. When HHPV3 is compared with the putative proviruses in Har.
marismortui (region 1) and Har. hispanica (Figure 6 D) , the VP3 homologs display much lower amino acid identity (56 %) than do the other (putative) proteins in the putative provirus cluster (91-98 %), which suggests that VP3 is evolving more rapidly. Sequence elements related to HHPV3
ORFs were also identified in the genomes of Haloarcula argentinensis DSM 12282 (two regions), Halosimplex carlsbadense 2-9-1 ( Figure S5 ). In addition, HHPV3-related ORFs were found in previously reported putative pleoliproviruses residing in the genomes of Halomicrobium mukohataei DSM 12286 ( Figure S5) , Haloastagnicola larsenii XH-48, Halorhabdus utahensis DSM 12940,
Haloferax volcanii DS2, Halopiger xanaduensis SH-6, Natrialba magadii ATCC 43099, and
Halovivax ruber XH-70 . In all cases, these proviral regions in archaea were found between tRNA gene(s) and an integrase gene.
Phylogenetic analyses showed that within the dataset used here, the sequences most closely related to HHPV3 are those of the putative proviruses identified in Har. hispanica (region 1), Har.
marismortui (regions 1 and 2), Har. argentinensis (regions 1 and 2), Har. japonica, Har. amylolytica, Har. vallismortis, Har. rubripromontorii SL3, and more distantly Halomicrobium mukohataei (region 1) and Halosimplex carlsbadense ( Figure S6 , colored in pink). All of these putative proviruses have a homolog of HHPV3 ORF2, an ORF that is so far absent from other characterized pleolipoviruses.
Discussion
Classification of HHPV3
The Pleolipoviridae family comprises halophilic archaeal viruses with different genome types that are all characterized by pleomorphic virions . Indeed, the remarkable variability in their DNA genome types sets this virus group apart from all other described viral families and calls for exploration of the diversity of additional environmental isolates. Here we report the isolation and characterization of a new haloarchaeal pleolipovirus, HHPV3, that infects Haloarcula hispanica. As is typical for the pleolipoviruses, HHPV3's narrow host range is limited to its isolation host , Atanasova et al., 2015a , Bath et al., 2006 , Pietilä et al., 2009 . All of the characterized pleolipoviruses have non-lytic life cycles, but the degree of host growth retardation varies. For instance, HHPV3 infection results in substantial retardation of the Har.
hispanica growth and decreased cell viability, while HRPV-1 infection has almost no effect on the growth of Halorubrum sp. PV6 (Pietilä et al., 2009) . Further, His2 infection significantly retards Har.
hispanica growth and decreases the number of viable cells by two to three orders of magnitude, but causes no detectable physiological changes such as leakage of ATP or reduction in oxygen consumption in the infected cells , Svirskaitė et al., 2016 . It has been proposed that pleolipoviruses enter the host cell by fusion of the membrane of the vesicle-like virion with the host cytoplasmic membrane, and that the progeny virions exit by budding .
Here we suggest that the HHPV3 virion exemplifies the relatively simple virion organization observed for pleolipoviruses. The vesicular virion contains only two major protein species: the spike protein VP1 and a membrane-associated protein VP3 (Figure 4) . The spike proteins of some pleolipoviruses are modified; for instance, HRPV-1 VP4 is glycosylated (Pietilä et al., 2010) , while His2 VP28 and HGPV-1 VP4 both contain lipid moieties . None of HHPV3's structural proteins are modified with glycans (Figure 4 B and C) .
Based on genome sequence comparisons, we proposed that HHPV3 be classified in the Betapleolipovirus genus of the Pleolipoviridae family . The gene synteny, as well as the absence of a rolling-circle replication initiation protein (RCR Rep) gene and the presence of ORFs 7 and 11, suggests that HHPV3 belongs to the genus Betapleolipovirus. In addition, the singlestranded interruptions in circular, double-stranded DNA genomes of HRPV-3, HGPV-1, and SNJ2 might to be present also in HHPV3 (this study). This feature might be a feature specific to betapleolipoviruses.
The results of this study add further evidence for the abundance of pleolipovirus-related proviruses present in archaea as plasmids or as elements integrated into chromosomal tRNA gene(s) (Bath et al., 2006 , Chen et al., 2014 , Dyall-Smith et al., 2011 , Pietilä et al., 2009 . Taken together, these observations indicate that pleolipoviruses are widespread in saline environments, probably owing to their simple, vesicle-like virion architecture that supports survival in the extremely saline niches of the planet.
Betapleolipovirus adaptation to various salinities
Overall the pleolipoviruses display a range of tolerances to various salinities, an ability obviously crucial for survival in hypersaline environments. The infectivity of particular pleolipoviruses is dependent on the total salinity of the environment . The type species, HRPV-1, has an optimum at 2-3 M NaCl and loses infectivity with both decreased and increased salinities (Figure 2 B ). However, HHPV3 as well as approximately half of the previously described pleolipoviruses (HRPV-2, HGPV-1, HRPV-8, and HAPV-2) , Atanasova et al., 2015a were isolated from salt crystals, which attests to their ability to tolerate saturated salt.
HHPV3 requires extreme concentrations of NaCl (at least 3.5 M NaCl) for the maintenance of high infectivity over a broad range of pH. In contrast, the betapleolipoviruses HRPV-3 and HGPV-1 had no significant loss of titer over a remarkable range of NaCl concentrations -from no NaCl to NaCl saturation (5.5 M) (Figure 2 C and D) , demonstrating high adaptation to environments with changing salinity.
HHPV3 also demonstrated a peculiar, irreversible, pH-dependent infectivity drop at 1.5 M NaCl. It was previously shown that NaCl may affect the isoelectric points of bacteriophages (Langlet et al., 2008) . Possibly alteration of the surface properties of HHPV3 particles by NaCl affects their isoelectric points, which in turn could cause particle aggregation at a particular pH.
Halophilic archaea cope with osmotic stress by regulation of ion flux, synthesis and accumulation of osmolytes, changing protein expression, etc. (Roberts, 2004) . Virions, being inert particles, cannot actively regulate their interactions with the surrounding environment. Instead they rely on other capabilities, such as virion properties. Pleolipoviruses use for their virion structure a pleomorphic membrane vesicle, randomly decorated with spike proteins, that functions as a flexible intercellular carrier of their DNA in a challenging hypersaline environment. The release of membrane vesicles is an important physiological process utilized by fungi, bacteria, and archaea, i.e., cells from all three domains of life (Deatherage and Cookson, 2012) . Hyperthermophilic archaea produce membrane vesicles for the transport of metabolites, toxins, and even DNA (Marguet et al., 2013) . Moreover, it has been shown that Thermococcus nautilus produces membrane vesicles containing plasmid pTN3, which is in fact the genome of a defective virus (Gaudin et al., 2014) . Apparently, membrane vesicles - the vehicle for pleolipovirus genome transfer and survival in conditions of changing salinity - is a versatile and multifunctional structure widely used in nature.
The haloarchaeal pleolipoviruses classification challenge
Pleolipoviruses isolated from hypersaline sources from around the globe challenge a fundamental traditional view of virus taxonomy by sharing the same virion organization, while employing dramatically different genome types. Their classification is, however, compatible with a viral taxonomy based on conserved virus structures rather than fast-evolving virus genomic sequences (Abrescia et al., 2012 , Bamford, 2003 , Krupovič and Bamford, 2010 . So far, four structure-based lineages of the icosahedral viruses have been established for the eukaryotic, bacterial, and archaeal viruses . However, to establish a structure-based phylogeny for the enveloped viruses is a more demanding task, as it is quite challenging to resolve structures in virions that lack symmetry (Abrescia et al., 2012) . In addition, it is presently unclear which protein structure should be defined as the viral self for pleomorphic viruses. The inner membrane protein seems to be most plausible, because the spike protein is more likely to be involved in virion-host interactions and thus its structure is expected to be less conserved. At this point, more data is needed to determine whether pleolipoviruses form a distinct, ancient virus lineage. If they in fact do, we would expect to find viruses of this lineage associated also with bacteria and eukaryotes. The only probable structural resemblance known so far is to the bacterial mycoplasmavirus L172 (Dybvig et al., 1985) , which has pleomorphic morphology and a protein profile similar to that of the known pleolipoviruses.
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